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Mixing Overview:
Neutrino Mixing Matrix:

Like the Quark Sector:
The Neutrino Mass Eigenstates, |νi〉, are a Mixture of Flavor States, |να〉:
|να〉 = Uαi|νi〉. (using sij = sin θij and cij = cos θij)
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For Majorana Nu’s

U → U

0@ 1
eiα2

eiα3

1A Phases α2, α3 are unobservable in oscillation

phenomena, (UαiU
∗
βi).

Important in neutrinoless double beta decay.
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Solar (1-2) Sector:

δm2
21 = +7.1 ± 2.0 × 10−5eV 2

0.23 < sin
2
θ12 < 0.35

SNO, KamLAND, SK ...Mixings and Masses Overview:

(12)-Sector: SNO, KamLAND, SK

δm2
21 = +7.1± 2.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

Sign of δm2
21 determined at this C.L.

Due to matter effects
the 8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC = sin2 θ12

Consistency between SNO (0.3) and
KamLAND (0.6) will be an important
test of Neutrino Oscillations and Matter
Effects.

O. Mena and SP hep-ph/0312312
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SNO’s measurement of CC
NC = 0.306± 0.026(stat)± 0.024(syst)

report as θ12 = 32.5± 1.6 degrees or tan θ12 = 0.41.

BUT sin2 θ12 = 0.29± 0.03

IS THIS coincidence or physics?

PHYSICS!!!!!!!

If r = ν1
ν1+ν2

then r = N1/(N1 + N2)

CC

NC
= r cos2 θ12 + (1− r) sin2 θ12

= sin2 θ12 + r cos 2θ12

≈ sin2 θ12
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0.31 ± 0.03 ≈ 0.29 ± 0.03

SNO’s measurement of CC
NC = 0.306± 0.026(stat)± 0.024(syst)

report as θ12 = 32.5± 1.6 degrees or tan θ12 = 0.41.

BUT sin2 θ12 = 0.29± 0.03

IS THIS coincidence or physics?

PHYSICS!!!!!!!

If r = ν1
ν1+ν2

then r = N1/(N1 + N2)

CC

NC
= r cos2 θ12 + (1− r) sin2 θ12

= sin2 θ12 + r cos 2θ12

≈ sin2 θ12

Thus SNO’s CC
NC is a direct measure of sin2 θ12.

sparkE – 1 June 2004 2

r ≈ 5%

(Up to small corrections.)
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FIG. 5: Upper panel: Expected reactor ν̄e energy spectrum
with contributions of ν̄geo (model Ia of [6]) and accidental
backround. Lower panel: Energy spectrum of the observed
prompt events (solid circles with error bars), along with the
expected no oscillation spectrum (upper histogram, with ν̄geo

and accidentals shown) and best fit (lower histogram) includ-
ing neutrino oscillations. The shaded band indicates the sys-
tematic error in the best-fit spectrum. The vertical dashed
line corresponds to the analysis threshold at 2.6 MeV.

the present sample before the energy cuts are applied
is shown in Fig. 3. A clear cluster of events from the
2.2 MeV capture γ’s is observed. One event with delayed
energy around 5 MeV is consistent with a thermal neu-
tron capture γ on 12C. The space-time correlation of the
prompt and delayed events is in good agreement with ex-
pectations, and the observed mean neutron capture time
is 188± 23 µsec. After applying the prompt and delayed
energy cuts, 54 events remain as the final sample. The
ratio of the number of observed reactor ν̄e events to that
expected in the absence of neutrino oscillations is

Nobs − NBG

Nexpected
= 0.611± 0.085(stat)± 0.041(syst).

The probability that the KamLAND result is consistent
with the no disappearance hypothesis is less than 0.05%.
Fig. 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The observed prompt energy spectrum is shown in
Fig. 5. The expected positron spectrum with no oscilla-
tions and the best fit with two-flavor neutrino oscillations
above the 2.6 MeV threshold are shown. A clear deficit
of events is observed. The measured spectrum is consis-
tent (93% confidence) with a distorted spectrum shape as
expected from neutrino oscillations, but a renormalized

no-oscillation shape is also consistent at 53% confidence.
The neutrino oscillation parameter region for two-

neutrino mixing is shown in Fig. 6. The dark shaded
area is the LMA region at 95% C.L. derived from [13].
The shaded region outside the solid line is excluded at
95% C.L. from the rate analysis with ∆χ2 ≥ 3.84 and

χ2 =
(0.611 − R(sin2 2θ, ∆m2))2

0.0852 + 0.0412
.

Here, R(sin2 2θ, ∆m2) is the expected ratio with the os-
cillation parameters.

The spectrum of the final event sample is then ana-
lyzed with a maximum likelihood method to obtain the
optimum set of oscillation parameters with the following
χ2 definition:

χ2 = χ2
rate(sin

2 2θ, ∆m2, NBG1∼2, α1∼4)

−2 logLshape(sin
2 2θ, ∆m2, NBG1∼2, α1∼4)

+χ2
BG(NBG1∼2) + χ2

distortion(α1∼4),

where Lshape is the likelihood function of the spectrum in-
cluding deformations from various parameters. NBG1∼2

are the estimated number of 9Li and 8He backgrounds
and α1∼4 are the parameters for the shape deformation
coming from energy scale, resolution, ν̄e spectrum and
fiducial volume. These parameters are varied to mini-
mize the χ2 at each pair of

[
∆m2, sin2 θ

]
with a bound

from χ2
BG(NBG1∼2) and χ2

distortion(α1∼4). The best fit
to the KamLAND data in the physical region yields
sin2 2θ = 1.0 and ∆m2 = 6.9×10−5 eV2 while the global
minimum occurs slightly outside of the physical region at
sin2 2θ = 1.01 with the same ∆m2. These numbers can
be compared to the best fit LMA values of sin2 2θ = 0.833
and ∆m2 = 5.5 × 10−5 eV2 from [13]. The 95% C.L.
allowed regions from the spectrum shape analysis are
shown in Fig. 6. The allowed regions displayed for Kam-
LAND correspond to 0 < θ < π

4
consistent with the solar

LMA solution, but for KamLAND the allowed regions in
π
4

< θ < π
2

are identical [14].
Another spectral shape analysis is performed with a

lower prompt energy threshold of 0.9 MeV in order to
check the stability of the above result and study the
sensitivity to ν̄geo. With this threshold, the total back-
ground is estimated to be 2.91 ± 1.12 events, most of
which come from accidental and spallation events. The
systematic error is 6.0%, which is smaller than that for
the final event sample due to the absence of an energy
threshold effect. When the maximum likelihood is cal-
culated, the ν̄geo fluxes from 238U and 232Th are treated
as free parameters. The best fit in this analysis yields
sin2 2θ = 0.91 and ∆m2 = 6.9 × 10−5eV2. These results
and the allowed region of the oscillation parameters are
in good agreement with the results obtained above. The
numbers of ν̄geo events for the best fit are 4 for 238U and 5
for 232Th, which corresponds to ∼40 TW radiogenic heat
generation according to model Ia in [6]. However, for the
same model, ν̄geo production powers from 0 to 110 TW
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FIG. 5: Upper panel: Expected reactor ν̄e energy spectrum
with contributions of ν̄geo (model Ia of [6]) and accidental
backround. Lower panel: Energy spectrum of the observed
prompt events (solid circles with error bars), along with the
expected no oscillation spectrum (upper histogram, with ν̄geo

and accidentals shown) and best fit (lower histogram) includ-
ing neutrino oscillations. The shaded band indicates the sys-
tematic error in the best-fit spectrum. The vertical dashed
line corresponds to the analysis threshold at 2.6 MeV.
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FIG. 3: Distribution of ν̄e candidates with fiducial volume
cut, time, vertex correlation, and spallation cuts applied. The
prompt energy corresponds to the positron and the delayed
energy to the captured neutron. The events within the hor-
izontal lines bracketing the delayed energy of 2.2 MeV are
due to thermal neutron capture on protons. The events with
prompt energy below ∼0.7 MeV are obtained from the delayed
trigger. The one event with delayed energy near 4.95 MeV is
consistent with theexpected 0.54% fraction from 12C(n, γ).

0.94 ± 0.85. The dead time due to the spallation cuts is
11.4%. This method is checked by exploiting the time
distribution of the events after a detected muon to sepa-
rate the short-lived spallation-produced activities from ν̄e

candidates. The uncorrelated ν̄e event distribution has a
characteristic time constant of 1/Rµ ! 3 sec, where Rµ is
the incident muon rate. Spallation products have a much
shorter time constant (∼0.2 sec). These methods agree
to 3% accuracy. As shown in Table I the total number of
expected background events is 0.95±0.99, where the fast
neutron contribution is included in the error estimate.

Instantaneous thermal power generation, burn-up and
fuel exchange records for all Japanese commercial power
reactors are provided by the power companies. The
time dependence of the thermal power generation data
is checked by comparison with the independent records
of electric power generation. The fission rate for each
fissile element is calculated from these data, resulting in
a systematic uncertainty in the ν̄e flux of less than 1%.
Averaged over the present live-time period, the relative
fission yields from the various fuel components are 235U
: 238U : 239Pu : 241Pu = 0.568 : 0.078 : 0.297 : 0.057.
The ν̄e spectrum per fission and its error (2.48%) are
taken from the literature [8]. These neutrino spectra have
been tested to a few percent accuracy in previous short-
baseline reactor ν̄e experiments [2, 9]. The finite β-decay
lifetimes of fission products introduce an additional un-
certainty of 0.28% to the ν̄e flux; this is estimated from
the difference of the total ν̄e yield associated with shifting
the run time by one day. The contribution to the ν̄e flux
from Korean reactors is estimated to be (2.46 ± 0.25)%
from the reported electric power generation rates. Other
reactors around the world give an average (0.70 ± 0.35)%
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FIG. 4: The ratio of measured to expected ν̄e flux from reac-
tor experiments [12]. The solid dot is the KamLAND point
plotted at a flux-weighted average distance (the dot size is
indicative of the spread in reactor distances). The shaded
region indicates the range of flux predictions corresponding
to the 95% C.L. LMA region found in a global analysis of
the solar neutrino data [13]. The dotted curve corresponds
to sin2 2θ = 0.833 and ∆m2 = 5.5 × 10−5 eV2 [13] and is
representative of recent best-fit LMA predictions while the
dashed curve shows the case of small mixing angles (or no
oscillation).

contribution, which is estimated by using reactor spec-
ifications from the International Nuclear Safety Center
[10]. The uncertainties for the event rate calculation are
summarized in Table II. The errors from reactors outside
Japan are included in the table under ‘Reactor Power’.

Although the anti-neutrino flux at the location of Kam-
LAND is due to many nuclear reactors at a variety of
distances, the ν̄e flux is actually dominated by a few re-
actors at an average distance of ∼180 km. More than
79% of the computed flux arises from 26 reactors within
the distance range 138-214 km. One reactor at 88 km
contributes an additional 6.7% to the flux and the other
reactors are more than 295 km away. This relatively nar-
row band of distances implies that for some oscillation
parameters KamLAND can observe a distortion of the
ν̄e energy spectrum.

The flux of anti-neutrinos from a reactor a distance
L from KamLAND is approximately proportional to the
thermal power flux Pth/4πL2, where Pth is the reactor
thermal power. The integrated total thermal power flux
during the measurement live time is 254 Joule/cm2. The
systematic error assigned to the thermal power is con-
servatively taken as 2% from the regulatory specification
for safe reactor operation. The corresponding expected
number of reactor neutrino events (in the absence of neu-
trino oscillations) in the fiducial volume for this data set
is 86.8 ± 5.6.

The distribution of prompt and delayed energies for

sin
2
θ12
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Mixings and Masses Overview:

(12)-Sector: SNO, KamLAND, SK

δm2
21 = +7.1 ± 2.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

Sign of δm2
21 determined at this C.L.

(23)-Sector: SK, K2K

|δm2
32| = 1.9− 3.0× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!

Sign of δm2
32 Unknown !!!

⇒ MINOS |δm2
32| ♠

also tests ν-Oscillations.
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Atmospheric (2-3) Sector:
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(1-3)  Sector:

Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.1 ± 2.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC = sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.9− 3.0× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!
♠ MINOS |δm2

32| ♠

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05
limit |δm2

32| dependent

0 ≤ δCP < 2π
Unknown!

Figures are insensitive
to sign of sin δCP
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Mixings and Masses Overview:

(12) Parameters: SNO, KamLAND, SK

δm2
21 = +7.1 ± 2.0× 10−5 eV 2

0.23 < sin2 θ12 < 0.35

sin2 θ12 ≥ 1
2 excluded at > 5 σ!

sign of δm2
21 determined at this C.L.

8B solar neutrinos exit the sun as ν2.

Thus SNO’s CC
NC = sin2 θ12

(23) Parameters: SK, K2K

|δm2
32| = 1.9− 3.0× 10−3 eV 2

0.35 < sin2 θ23 < 0.65
(obtained from sin2 2θ23 > 0.91)

Magnitude of δm2
32 and sin2 θ23 both

poorly known!
Sign of δm2

32 Unknown !!!
♠ MINOS |δm2

32| ♠

For µ⇔ τ symmetry
θ23 = π/4 and

δ = π/2 or 3π/2
unless θ13 ≡ 0

(13) Parameters: Chooz, SK, K2K

sin2 θ13 < 0.03− 0.05

0 ≤ δCP < 2π
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Super-Chooz:
 interest in Japan, Europe, Russia, USA (CA and IL), China .... 
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Excluded

New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia,
China and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

1− Pνe→νe = sin2 2θ13

[
sin2 ∆atm +O

(
∆solar
∆atm

)]
+O

(
∆solar
∆atm

)2

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
sparkE – 19 April 2004 20

J. Link, Columbia 

>1%                1                     <3%                       <0.1%

Systematics limit
experiment:

Could be “quick” and 
“cheap” but ...

Clean measurement of

sin
2
2θ13 down to 0.01

∆atm =
δm2

atm
L

4E
= 1.27

δm2
atm

L

E

kinematical
phase
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Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

Pνµ→νe = | aatm
µ→e + asol

µ→e |2
CP Violation comes from the Difference
in the Interference of aatm

µ→e amd asol
µ→e

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are θ13 and δ.

sparkE – 19 April 2004 5

Leptonic CP and T Violation in Oscillations

CP
νµ ↔ νe ⇐⇒ ν̄µ ↔ ν̄e Super-Beams

T $ $ T

νe ↔ νµ ⇐⇒ ν̄e ↔ ν̄µ Nu-Factory
CP

Pνµ→νe = | aatm
µ→e + asol

µ→e |2
CP Violation comes from the Difference
in the Interference of aatm

µ→e amd asol
µ→e

for neutrinos verses anti-neutrinos.

CAN BE LARGE!!!.

Important parameters are θ13 and δ.

sparkE – 19 April 2004 5∆ij =
δm2

ijL

4E
= 1.27

δm2
ijL

E

kinematical
phase



11sparkE  HQ&L 04
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P
atm(νµ → νe) = |aatm|2 = sin2

θ23 sin2 2θ13 sin2 ∆31

P
sol(νµ → νe) = |asol|2 = cos2 θ23 cos2 θ13 sin2 2θ12 sin2 ∆21

relative phase is ∆32 ± δPµ→e ≈
∣∣ 2s23s13c13 sin∆31e−i(∆32±δ) + 2c23c13s12c12 sin∆21

∣∣2
At the first atmospheric
oscillation maximum, ∆32 = π

2 ,
the Neutrino-AntiNeutrino
Asymmetry is maximum when

|aatm| = |asol|

sin2 2θ13 ≈ sin2 2θ12
tan2 θ23

[
π
2

δm2
21

δm2
31

]2

≈ 0.002

At the second oscillation maximum, ∆32 = 3π
2 , the peak in the

Asymmetry occurs when sin2 2θ13 is 9 times larger. BNL → ???.

sparkE – 19 April 2004 11

Maximum Asymmetry when

P (νµ → νe) = |aatm + a
sol|2 = P

atm + P
sol + 2

√
P atm.P sol cos (∆32 ± δ)
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Expanding and using Jr = J/ sin δ = s12c12s23c23s13c2
13:

Pµ→e ≈ 4s2
23s

2
13c

2
13 sin2 ∆31 + 4c2

23c
2
13s

2
12c

2
12 sin2 ∆21

+8Jr sin∆21 sin∆31 cos ∆32 cos δ

∓8Jr sin∆21 sin∆31 sin∆32 sin δ

The last term is the CP violating part of the interference.

Bi-Probability Plots:
Minakata and Nunokawa
hep-ph/0108085
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Patm: P atm(νµ → νe) = |aatm|2 = sin2 θ23 sin2 2θ13 sin2 ∆31

Psol: P sol(νµ → νe) = |asol|2 = cos2 θ23 cos2 θ13 sin2 2θ12 sin2 ∆21

Sum: P (νµ → νe) = |aatm+asol|2 = P atm+P sol +2
√

P atm.P sol cos (∆32 ± δ)

∼ cos ∆32 cos δ

∼ sin∆32 sin δ

P (νµ → νe) = |aatm + asol|2 = P atm + P sol + 2
√

P atm.P sol cos (∆32 ± δ)

Matter Effects:

sin∆31 ⇒
(

∆31
∆31∓aL

)
sin(∆31 ∓ aL)
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Off-Axis Beams:
BNL 1994

Proposed Experiments:

Narrow Beams - Counting Expts:

L=295 km and
Energy at Vac. Osc. Max. (vom)

Evom = 0.6 GeV
{

δm2
32

2.5×10−3 eV 2

}

L=700 - 1000 km and
Energy near 2 GeV

Evom = 1.8 GeV
{

δm2
32

2.5×10−3 eV 2

}
×{

L
820 km

}
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Matter Effects:

sin ∆31 ⇒

(
∆31

∆31 ∓ aL

)
sin(∆31 ∓ aL)

a = GF Ne/
√

2 = (4000 km)−1

sin ∆21 ⇒

(
∆21

∆21 ∓ aL

)
sin(∆21 ∓ aL) ≈ ∆21

T2K
NOvA
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New Reactor Experiments:

“Super-Chooz:”
interest in Japan, Europe, Russia,
China and USA (CA & IL).

Figure from J. Link, Columbia U.
Using two detectors with the far
detector being able to be moved
to along side the near detector for
relative calibration.

Systematics Limited experiment.

1− Pνe→νe = sin2 2θ13

[
sin2 ∆atm +O

(
∆solar
∆atm

)]
+O

(
∆solar
∆atm

)2

Clean measurement of sin2 2θ13 down to ∼0.01.

Could be a “quick” and “cheap” experiment, but ...
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Varying Log scale:

Psolar
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Two Signs:

sign of δm2
31

normal v inverted
hierarchy

sin δ

and

Leptonic
CP Violation

O. Mena and SP
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T2K:

!
δ = π/4
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T2K:

no info on sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

sparkE – 1 June 2004 2

!
δ = π/4
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NOvA:

sensitive to sign of cos δ = ±

√
1 − sin

2
δ

Solar Survival Probability: sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05

Kinematic Phase: ∆ij =
δm2

ijL

4E = 1.27
δm2

ijL

E

T2K: sin δ+ = sin δ− + 0.5
√

sin2 2θ13
0.05

NOνA sin δ+ = sin δ− + 1.5
√

sin2 2θ13
0.05
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with sufficient events
 T2K plus NOvA determines

sign of δm2
31

sin δ
{

=hierarchy

=CPV

T2K  +  NOvA
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Degeneracy Tasting:

sign δm2
32

At Vac. Osc. Max., ∆32 = π
2

Pmat =
(
1± 2 E

ER

)
Pvac

where ER ! 12 GeV.

Therefore, if NuMI and JParc both
run Neutrinos at Vac. Osc. Max.

PN =
(
1± 2(EN−EJ)

ER

)
PJ

i.e. PN ≈ (1.2 or 0.8)PJ

Need about 100 events in each expt.

Separation degraded for EN > Evom.

Minakata, Nunokawa and SP – hep-ph/0301210sparkE – 19 April 2004 23
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Hierarchy: T2K Nu v. NOvA Nu
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Conclusions:Summary and Conclusion

• sin2 2θ13: Can be measured by

Reactor Exp.(∼ 0.01),
Long Baseline Exp.(∼ 0.005),

Nu Factories (∼ 10−4).

• sign of δm2
31 and sin δ:

⇒ Mass Hierarchy and CP Violation.
νµ → νe Superbeam Long Baseline Exp. running BOTH ν and ν̄.

• θ23: To break the θ23 ↔ π
2 − θ23 degeneracy.

Combination of Reactor and Long Baseline Exps.
sin2 2θ13 v. sin2 θ23 sin2 2θ13.
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Summary and Conclusion (conti.)

If the size of θ13 is in range of the LBL experiments,
sin2 2θ13 ≥ 0.002, then a few carefully choosen counting
experiments with sufficient accuracy can determine

θ13, δCP , sign of δm2
31, θ23.

A Fabulous Opportunity in the Neutrino Osc. Sector!!!

Leaving the Questions of:
Majorana v Dirac?,

Steriles? and
Absolute Mass Scale, Mlite?
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